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Background and purpose: Inhibitors of fatty acid amide hydrolase (FAAH), the enzyme responsible for the metabolism of the
endogenous cannabinoid (CB) receptor ligand anandamide (AEA), are effective in a number of animal models of pain. Here,
we investigated a series of isoflavones with respect to their abilities to inhibit FAAH.
Experimental approach: In vitro assays of FAAH activity and affinity for CB receptors were used to characterize key com-
pounds. In vivo assays used were biochemical responses to formalin in anaesthetized mice and the ‘tetrad’ test for central CB
receptor activation.
Key results: Of the compounds tested, biochanin A was adjudged to be the most promising. Biochanin A inhibited the
hydrolysis of 0.5 mM AEA by mouse, rat and human FAAH with IC50 values of 1.8, 1.4 and 2.4 mM respectively. The compound
did not interact to any major extent with CB1 or CB2 receptors, nor with FAAH-2. In anaesthetized mice, URB597 (30 mg i.pl.)
and biochanin A (100 mg i.pl.) both inhibited the spinal phosphorylation of extracellular signal-regulated kinase produced by
the intraplantar injection of formalin. The effects of both compounds were significantly reduced by the CB1 receptor
antagonist/inverse agonist AM251 (30 mg i.pl.). Biochanin A (15 mg·kg-1 i.v.) did not increase brain AEA concentrations, but
produced a modest potentiation of the effects of 10 mg·kg-1 i.v. AEA in the tetrad test.
Conclusions and implications: It is concluded that biochanin A, in addition to its other biochemical properties, inhibits FAAH
both in vitro and peripherally in vivo.
British Journal of Pharmacology (2010) 160, 549–560; doi:10.1111/j.1476-5381.2010.00716.x
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hydrolase; GW9662, 2-chloro-5-nitrobenzanilide; NGST, normal goat serum in 0.1 M phosphate-buffered
saline contaning Triton X-100; OEA, oleoylethanolamide; OL-135, 1-oxo-1-[5-(2-pyridyl)-2-yl]-7-
phenylheptane; PD98059, 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one; pERK, phosphorylated
ERK; PPAR, peroxisome proliferator-activated receptor; URB597, cyclohexylcarbamic acid
3′-carbamoylbiphenyl-3-yl ester

Introduction

The endocannabinoid system, comprising the cannabinoid
CB1 and CB2 receptors, their endogenous ligands anandamide
(arachidonoylethanolamide, AEA) and 2-arachidonoyl-
glycerol (2-AG) and the endocannabinoid synthetic and
metabolic enzymes, is involved in the regulation of a
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variety of physiological processes including cognition,
pain perception and appetite (see Pacher et al., 2006).
D9-Tetrahydrocannabinol, the main psychoactive ingredient
of cannabis, has long been known to produce pain relief (see
Pertwee, 2001), but the psychotropic properties of the com-
pound place a limitation upon the doses (and thereby the
level of benefit) that can be used.

AEA is metabolized by the enzyme fatty acid amide hydro-
lase (FAAH), and selective inhibitors of the enzyme such as
3′-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate (URB597)
and 1-oxo-1[5-(2-pyridyl)-2-yl]-7-phenylheptane (OL-135)
produce potentially useful effects in animal models of inflam-
matory, visceral, cancer and in some cases neuropathic pain
(see e.g. Chang et al., 2006; Jayamanne et al., 2006; Khasabova
et al., 2008; Naidu et al., 2009). These compounds do not
produce the behavioural changes seen as a result of a general
activation of central CB1 receptors (in the classical ‘tetrad’ of
catalepsy, inhibition of locomotion, reduction of body tem-
perature and thermal analgesia, only the latter is affected),
and are thus an attractive target for drug development
(reviews, see Seierstad and Breitenbucher, 2008; Fowler et al.,
2009).

In 2004, McFarland et al. reported that the soy isoflavone
genistein could interfere with the cellular uptake of AEA.
Subsequent studies showed that this property was shared by
daidzein and was due to the ability of the compounds to
inhibit FAAH (Thors et al., 2007a,b). The Ki values for the
inhibition of the rat enzyme were 2.8 and 1.7 mM, respectively
(Thors et al., 2007a,b). In Asian countries, where soy con-
sumption is higher than in Western countries, serum concen-
trations of genistein and daidzein can reach as high as 2–4 mM
(Morton et al., 2002), suggesting that the concentrations
required for inhibition of FAAH are reachable in vivo, at least
in theory. In the present study, we have investigated a series of
analogues of genistein and daidzein in order to shed light on
the structural requirements for FAAH inhibition, and to deter-
mine whether more potent analogues could be found. Among
the analogues tested, biochanin A, a naturally occurring com-
pound found in red clover, was shown to be a more potent
inhibitor of FAAH than genistein in vitro, and to produce
biochemical effects upon a spinal cord pain signalling
pathway consistent with FAAH inhibition in vivo.

Methods

Expression of human FAAH and FAAH-2 in COS7 cells
(La Jolla)
The cDNA sequence for human FAAH was subcloned into the
pFLAG-CMV vector, and the constructs were transfected into
COS7 cells using the FuGENE6 transfection reagent as
described previously (Wei et al., 2006). The cells were har-
vested by scraping 48 h post-transfection, dounce homog-
enized in phosphate-buffered saline (PBS) and sonicated. The
resulting lysate was centrifuged at 100 000¥ g for 45 min at
4°C to provide the cytosolic fraction in the supernatant and
the membrane fraction as a pellet. Total protein concentra-
tion of the membrane fractions was determined by a colori-
metric protein assay kit (Bio-Rad), and the expression of FAAH
was confirmed both by labelling membrane fractions with

FP-rhodamine, and by the ability of the membranes to
hydrolyse [14C]oleamide, in contrast to membranes from
mock-transfected cells (data not shown).

FAAH activity measurements (Umeå)
For experiments with FAAH, rat liver homogenates, mouse
brain homogenates and membranes from COS7 cells trans-
fected with the human enzyme were used. Frozen (-80°C)
livers from adult C57BL/6 mice and frozen brains (minus
cerebella) from adult Wistar or Sprague-Dawley rats were
thawed and homogenized in 20 mM HEPES, 1 mM MgCl2, pH
7. The homogenates were centrifuged at ~35 000¥ g for 20 min
at 4°C. After resuspension in buffer followed by recentrifuga-
tion and a second resuspension in buffer, the pellets were
incubated at 37°C for 15 min. This incubation was undertaken
in order to hydrolyse all endogenous FAAH substrates. The
homogenates were then centrifuged as above, recentrifuged
and resuspended in 50 mM Tris–HCl buffer, pH 7.4, containing
1 mM EDTA and 3 mM MgCl2. The homogenates were then
frozen at -80°C in aliquots until used for assay. FAAH was
assayed in the homogenates and in the COS7 cell membranes
by the method of Boldrup et al. (2004) using 0.5 mM (unless
otherwise stated) [3H]AEA labelled in the ethanolamine part of
the molecule. Blank values were obtained by the use of buffer
rather than homogenate. In the experiments comparing effects
of biochanin A upon FAAH and FAAH-2, the same assay was
used but with 16 nM [3H]oleoylethanolamide ([3H]OEA) as
substrate and with an incubation phase at room temperature.
The choice of OEA rather than AEA for FAAH-2 was motivated
by the relative rates of hydrolysis: OEA is metabolized four
times faster than AEA by FAAH-2, whereas for FAAH the rate of
hydrolysis of OEA is about a third of that for AEA (Wei et al.,
2006). When 0.5 mM [3H]AEA was used as substrate, assay
conditions for rat brain and mouse liver were chosen so that
<10% of added substrate was metabolized. For the human
FAAH samples, <5% of the [3H]AEA was metabolized in all
cases. For 16 nM [3H]OEA, a limited supply of an expensive
ligand meant that optimization was not possible, and the
amount of substrate utilized was higher (34 � 1 and 0.5 � 0.1%
for FAAH and its corresponding mock-transfected, respec-
tively; 40 � 2 and 21 � 0.4 for FAAH-2 and its corresponding
mock-transfected respectively). However, when we ran experi-
ments with human FAAH and 0.5 mM [3H]AEA with assay
conditions giving these higher utilization rates, the activity
was still inhibited by biochanin A, genistein, formononetin
and daidzein in the low micromolar range (IC50 values of 6.0,
8.4, 12 and 30 mM, respectively; data not shown).

URB597-sensitive accumulation of tritium in RBL2H3 cell
membranes following incubation of cells in suspension with
[3H]AEA (Umeå)
RBL2H3 cells were cultured in minimum essential medium
with Earl’s salts, 15% fetal bovine serum and 100 U·mL-1

penicillin + 100 mg·mL-1 streptomycin (‘medium’). After cen-
trifugation and resuspension in medium in Eppendorf tubes
(2 ¥ 105 cells per tube; 5 ¥ 105 cells·mL-1), the cells were
pre-incubated with either the test compounds or URB597 for
10 min at 37°C. [3H]AEA (assay concentration 100 nM; sub-
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strate labelled in the arachidonoyl part of the molecule) in
medium was added and the cells were incubated for a further
10 min (final assay volume 200 mL). After incubation, the cells
were sedimented using a microcentrifuge (1 min, 1000¥ g),
then washed twice with ice cold medium, and the tritium
retained by the cell membranes was determined by rapid
filtration and washing with deionized water as described by
Thors et al. (2008). The URB597-sensitive accumulation of
tritium was defined as the radioactivity seen for the test com-
pounds or vehicle control minus the corresponding radioac-
tivity for the cells treated with 100 nM URB597.

Radioligand binding experiments (Aberdeen)
The ability of the isoflavones to interact with CB1 and CB2

receptors was assessed using mouse brain membranes as a
source of the former, and membranes from CHO cells trans-
fected with the human CB2 receptor as a source of the latter.
A standard filtration assay was used (for details, see Ross et al.,
1999; Thomas et al., 2005), and the concentration of radioli-
gand ([3H]CP 55940) was 0.7 nM. Non-specific binding was
determined in the presence of 1 mM of unlabelled CP 55940.

Formalin-induced phosphorylation of extracellular
signal-regulated kinase (ERK) (St Louis, Umeå)
The method was based upon that of Karim et al. (2001).
Male adult C57BL/6 mice (body weight ~22 g) were anaes-
thetized with an i.p. injection of 0.075 mL av 100 mg·mL-1

pentobarbital. Upon anaesthesia, the animals were injected
with test compounds (URB597, biochanin A � AM251) or
vehicle (3% Tween-80 in physiological saline) into the right
rear paw (injection volume 20 mL). This vehicle was chosen
because it has been used by others investigating the effects
of i.pl. URB597 in pain models (Jhaveri et al., 2006; Sagar
et al., 2008), thereby allowing comparison of active doses.
Ten minutes later, the animals were injected with formalin
(10 mL of a 3% solution dissolved in saline) into the same
paw. Five minutes (unless otherwise stated) after the forma-
lin injection, the mice were perfused transcardially with
warm saline (37°C, 0.9% NaCl), followed by 300 mL of ice-
cold 4% paraformaldehyde solution. A 5 min time was used
because the pERK response to formalin was fully developed
at this time-point (see Results). Spinal cords were dissected
and placed in Falcon tubes containing ice-cold 4%
paraformaldehyde solution. After 4 h at 4°C, the samples
were transferred to Falcon tubes containing 30% sucrose in
0.1 M phosphate buffer and kept at 4°C, the cryoprotection
solution being exchanged until the spinal cord samples were
saturated. The lumbar enlargement was localized and dis-
sected out, and a nick was made on the contralateral side to
allow identification under the microscope. The sample was
placed in a cryomold and affixed on dry ice using OCT com-
pound (Tissue-Tek, Miles Inc., Elkhart, IN, USA). Coronal
sections (30 mM) were cut using a freezing sliding cryostat,
and the sections were transferred to 24-well culture plates
containing 0.1 M phosphate buffer. After washing with
phosphate buffer (twice) and PBS (once) at room tempera-
ture, the sections were incubated for 30 min at room tem-
perature with peroxidase suppression solution (10% MeOH,

0.3% H2O2 in 0.1 M PBS). After three washes with PBS at
room temperature, 1% normal goat serum in 0.1 M PBS con-
taning 0.02% (v/v, final concentration) Triton X-100 (1%
NGST) was added. The primary pERK R6 polyclonal anti-
body (9101S, Cell Signaling Technology, Danvers, MA, USA)
(1:500, in NGST) was added, and the sections were incu-
bated for 72 h at 4°C before being washed three times at RT
with 1% NGST. The secondary antibody (biotinylated anti-
rabbit IgG, BA-1000, Vector Laboratories, Burlingame, CA,
USA, diluted 1:100 in 1% NGST) was incubated with the
slices for 2 h at room temperature, the plates being covered
with aluminium foil. The samples were washed three times
with 1% NGST prior to addition of ExtrAvidin peroxidise
(1:1000, Sigma, St Louis, MO, USA) in 1% NGST and incu-
bation for 1 h at room temperature. After two washes with
PBS and one wash with phosphate buffer at room tempera-
ture, the samples were stained using the DAB kit (Vector
Laboratories). The sections were mounted on slides, dehy-
drated, dried overnight and viewed under the microscope.
Four sections from each animal were analysed under the
microscope by an investigator who was blind to the treat-
ment given to the animal in question, and the mean score
from the four sections was calculated.

Behavioural effects of biochanin A (Richmond)
ICR mice (Harlan Laboratories, Indianapolis, IN, USA) were
used for the behavioural tests measuring spontaneous activity
(over a 10 min testing period), rectal temperature, ring immo-
bility (over a 5 min testing period) and nociceptive threshold
(tail flick tests) (for details, see Pertwee, 1972; Martin et al.,
1991; Burston et al., 2008). AEA and biochanin A were dis-
solved in a vehicle consisting of ethanol, Emulphor-620
(Sanofi-Aventis, Bridgewater, NJ, USA) and physiological
saline in a ratio of 1:1:18 v/v, and administered i.v. to the
animals via the tail vein (injection volume 10 mL·g-1 body
weight). The degree of antinociception is expressed as per-
centage of maximum possible effect (%MPE), defined as [(test
– control time)/(10 – control time)] ¥ 100.

Quantification of AEA levels in the brain (Richmond)
The mice above treated with vehicle rather than AEA were
killed by decapitation 1 h after the injection of the isofla-
vones. Brains were collected and immersed in liquid nitrogen
to ensure rapid cooling. Following extraction of lipids with
methanol/chloroform (Hardison et al., 2006), AEA levels were
determined by liquid chromatography/mass spectrometry
analysis (Kingsley and Marnett, 2003).

Ethical considerations
The experiments reported in this paper were approved by the
appropriate regional Animal Care and Use Committees.

Statistical analyses
The pI50 and IC50 values, linear regressions and confidence
limits were determined using the GraphPad Prism computer
programme (GraphPad Software Inc., San Diego, CA, USA).
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The pI50, and hence IC50, values were calculated using the
built-in programme ‘sigmoidal dose–response (variable slope)’
from the data expressed as % of control using top (i.e. unin-
hibited) values of 100% and bottom (residual activity) values
that were either set to zero or allowed to float. The two curves
were compared using Akaike’s informative criteria. In all but
one case, statistical analysis suggested that the simple 0%
residual inhibition model fitted the curve more appropriately.
Km

app and Vmax
app values were determined using the Direct

Linear plot and the Enzyme Kinetics v1.4 computer
programme for the Macintosh (Trinity Software, Campton,
NH, USA).

Compounds
Biochanin A (5,7-dihydroxy-4′-methoxyisoflavone), for-
mononetin (7-hydroxy-4′-methoxyisoflavone), genistein
(4′,5,7-trihydroxyisoflavone), genistein dimethyl ether (4′,7-
dimethoxy-5-hydroxyisoflavone), genistin (genistein-7-O-b-
D-glucopyranoside), prunetin (4′,5-dihydroxy-7-methoxy
isoflavone), puerarin (8-(b-D-glucopyranosyl-daidzein)), 3′,
4′,7-trihydroxyisoflavone, 4′,6,7-trihydroxyisoflavone, ExtrA-
vidin peroxidase and the pFLAG-CMV6 vector were
obtained from the Sigma Chemical Co. Daidzein (4′,7-
dihydroxyisoflavone) was obtained from Sigma and from the
Cayman Chemical Co. (Ann Arbor, MI, USA). The source of
daidzein was from Sigma unless otherwise indicated. Equol
(4′,7-dihydroxyisoflavane) and 7-hydroxyisoflavone were
obtained from Apin Chemicals Ltd (Abingdon, UK) and
Sequoia Research Products Ltd (Pangbourne, UK) respectively.
GW9662 (2-chloro-5-nitrobenzanilide) was obtained from the
Cayman Chemical Co. AEA [ethanolamine-1-3H] (specific
activity 2.22 TBq·mmol-1, for the FAAH experiments), AEA
[arachidonoyl 5,6,8,9,11,12,14,15-3H] (specific activity
7.4 TBq·mmol-1, for the membrane tritium accumulation
experiments) and oleoylethanolamide [ethanolamine-1-3H]
(specific activity 0.74 TBq·mmol-1) were purchased from
American Radiolabeled Chemicals, Inc (St Louis, MO, USA).
CP 55940, [side chain-2,3,4-3H(N)]- (specific activity 3.7–
6.66 TBq)·mmol-1 was obtained from PerkinElmer Life and
Analytical Sciences, Inc (Boston, MA, USA). URB597 and non-
radioactive AEA were purchased from the Cayman Chemical
Company. Non-radioactive CP 55940 was obtained from
Tocris Bioscience (Ellisville, MO, USA). The pERK R6 poly-
clonal antibody (9101S; phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) antibody) was obtained from Cell Signaling
Technology, Inc. Biotinylated anti-rabbit IgG (BA-1000) was
obtained from Vector Laboratories. FuGENE6 transfection
reagent was obtained from Roche Applied Science (Indianapo-
lis, IN, USA). Rat RBL2H3 basophilic leukaemia cells (passage
range 21–27) were obtained from the American Type Culture
Collection (Manassas, VA, USA). The culture medium, sera
and supplements were obtained from Invitrogen (Stockholm,
Sweden).

Nomenclature
The drug/molecular target nomenclature used here conforms
to BJP’s Guide to Receptors and Channels (Alexander et al.,
2008).

Results

Structure–activity relationships for the interaction of isoflavones
with FAAH
The effects of 11 isoflavone compounds upon the hydrolysis
of 0.5 mM [3H]AEA by rat brain homogenates are shown in
Table 1. Examples of the inhibition curves from which the pI50

values were derived are shown in Figure 1. A number of con-
clusions can be drawn from the data with respect to the
chromone part of the molecule:

• Addition of a bulky group at either R1 or R2 results in a loss
of actvity towards FAAH (puerarin vs. daidzein; genistin vs.
genistein)

• Methylation of the hydroxy group at R2 reduces activity
(prunetin vs. genistein; genistein 4′, 7-dimethyl ether vs.
biochanin A)

• Inclusion of a hydroxyl group at R3 reduces activity (4′,6,7-
trihydroxyflavone vs. daidzein)

• The absence or presence of a hydroxy group at position R4

has little (formononetin vs. biochanin A) or no (daidzein
vs. genistein) influence on the activity of the molecule
towards FAAH

These data suggest that the main requirement for activity
towards FAAH of the molecules is a free hydroxy group at
position R2, and a free hydrogen substituent at position R3 of
the chromone part of the molecule.

With respect to the phenyl substituent, the situation is less
clear:

• Addition of a hydroxy group at position R6

does not improve activity (3′,4′,7-trihydroxyflavone vs.
daidzein)

• Replacement of the hydroxy group at position R5 with a
hydrogen group has little effect upon the activity
(7-hydroxyisoflavone vs. daidzein)

• Replacement of the hydroxy group at position R5 with a
methoxy group increases activity when the molecule has a
free hydroxy group at position R2 (formononetin vs. daid-
zein; biochanin A vs. genistein), but reduces it if the mol-
ecule has a methoxy group at position R2 (genistein 4′,7-
dimethyl ether vs. prunetin).

In order to determine whether the inhibition of FAAH by
biochanin A, daidzein, formononetin and genistein was
species dependent, their effects upon the FAAH-catalysed
hydrolysis of AEA in homogenates of mouse liver and in
membranes from COS7 cells transfected with human FAAH
were investigated (Figure 1). The pI50 and corresponding IC50

values for the compounds are summarized in Table 2,
together with the data for rat brain (and in the case of daid-
zein, rat liver, for comparative purposes). For biochanin A and
genistein, there was a reasonably consistent inhibitory
potency across the species, while for daidzein (mouse = rat >
human) and formononetin (rat > mouse = human) there were
slight species differences (rank orders given for each com-
pound in brackets). Biochanin A was shown further to act as
a mixed-type inhibitor of the rat enzyme (i.e. to affect both
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Table 1 Inhibition of FAAH by a series of isoflavones related to daidzein and genistein

Name R1 R2 R3 R4 R5 R6 pI50 IC50 (mM)

7-Hydroxyisoflavone H OH H H H H
EtOH 5.50 � 0.02 3.1
DMSO 5.38 � 0.02 4.2

Daidzeina H OH H H OH H
Sigma 5.60 � 0.02 2.5
Cayman 5.42 � 0.02 3.8

Puerarin b-D-gluco-pyranosyl OH H H OH H <4b >100b

Formononetin H OH H H OCH3 H 6.25 � 0.02c 0.57
Genistein H OH H OH OH H

EtOH 5.51 � 0.05 3.1
DMSO 5.66 � 0.05 2.2

3′,4′,7-Trihydroxyisoflavone H OH H H OH OH 5.61 � 0.05 2.5
4′,6,7-Trihydroxyisoflavone H OH OH H OH H 4.42 � 0.02 38
Biochanin A H OH H OH OCH3 H

EtOH 5.85 � 0.02 1.4
DMSO 6.03 � 0.06 0.93

Prunetin H OCH3 H OH OH H 4.99 � 0.03 10
Genistein 4′,7-dimethyl

ether
H OCH3 H OH OCH3 H <4b >100b

Genistin H Glucoside-O linkage H OH OH H <4b >100b

a‘Sigma’ and ‘Cayman’ refer to the commercial sources of daidzein.
b<8% Inhibition at highest concentration tested (100 mM).
cPrism analysis suggested that the maximal inhibition was slightly smaller (97%), but the difference between statistically demonstrable and pharmacologically
relevant is such that we have assumed a maximal inhibition here.
For comparative purposes, the selective FAAH inhibitor URB597 inhibits the hydrolysis of 0.5 mM AEA at an assay pH of 7.0 with pI50 values of 7.76 � 0.07 and
8.20 � 0.07 following pre-incubation phases of 0 and 60 min, respectively (Holt et al., 2005).

Figure 1 Inhibition of the FAAH-catalysed hydrolysis of 0.5 mM [3H]AEA in mouse liver homogenates and human recombinant FAAH-
expressing COS7 cell membrane homogenates by (A) biochanin, (B) daidzein, (C) formononetin and (D) genistein. Shown are means and SEM.
n = 9 (using three homogenates) and n = 4–5 for mouse liver and human FAAH, respectively.
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Km
app and Vmax

app), with Ki
slope and Ki

intercept values of 1.1 and
8.2 mM, respectively (Figure 2).

Effect of biochanin A upon FAAH-2 activity
FAAH-2 is a second N-acylethanolamine-hydrolyzing enzyme
sharing a ~20% sequence identity with FAAH, and which is
found in primates, but not in rats or mice (Wei et al., 2006).
The effect of biochanin A towards the activity of FAAH-2 was
investigated using 16 nM [3H]oleoylethanolamine as sub-
strate. The FAAH-transfected membranes were also tested for
comparative purposes (Figure 3). As expected, FAAH was
inhibited by biochanin A with a pI50 value of 6.21 � 0.02,
corresponding to an IC50 value of 0.62 mM. In these experi-

ments, the contribution to the total activity by the cells per se
(i.e. the mock transfectants) was very low. The catalytic activ-
ity of the membranes from FAAH-2-transfected cells, however,
was also low. Hence, at the higher protein concentration
needed (compared to the situation for FAAH), there was a
significant hydrolysis of [3H]OEA in the mock-transfected cell
membranes. This basal hydrolysis was sensitive to biochanin
A and so presumably represents the low level of FAAH native
to the cells. The difference between the mock-transfected and
the FAAH-transfected cells, used as an estimate of FAAH-2
activity, was not inhibited by biochanin A. Thus, this com-
pound is selective for FAAH versus FAAH-2.

Inhibition of cellular processing of AEA in intact cells by
genistein, daidzein, biochanin A and equol
We have previously shown that neither genistein nor daidzein
affects the uptake of AEA into cells either lacking FAAH, or

Table 2 Comparison of the inhibition of mouse, rat and human FAAH by biochanin A, daidzein, formononetin and genistein

Compound pI50 Value (IC50 value, mM):

Mouse liver homogenates Rat brain (b) or liver (l) homogenates Human FAAH-transfected COS7 cell membranes

Biochanin A 5.74 � 0.05 (1.8) 5.85 � 0.02 (1.4) (b) 5.62 � 0.07 (2.4)
6.03 � 0.06a (0.93) (b)

Daidzein 5.36 � 0.05 (4.4) 5.60 � 0.02a (2.5) (b) 4.85 � 0.14 (14)
5.36 � 0.01a (4.4) (l)

Formononetin 5.46 � 0.05 (3.5) 6.25 � 0.02a (0.57) (b) 5.64 � 0.07 (2.3)
Genistein 5.58 � 0.04 (2.7) 5.51 � 0.05 (3.1) (b) 5.32 � 0.07 (4.8)

5.66 � 0.05a (2.2) (b)

For the mouse brain and human FAAH samples, the compounds were dissolved in ethanol. Rat brain samples were dissolved in either ethanol or aDMSO. The values
for rat brain are the same as those given in Table 1, and are inluded here for comparative purposes.

Figure 2 (A) Lack of effect of a pre-incubation phase upon the
inhibition of FAAH by 1 mM (unfilled symbols) and 3 mM (filled
symbols) biochanin A. Rat brain homogenates were incubated with
biochanin A for the times shown prior to addition of 0.5 mM [3H]AEA
and incubation for a further 10 min. Shown are means and SEM, n =
3. (B) Mode of inhibition of the FAAH-catalysed hydrolysis of [3H]AEA
in rat brain homogenates by biochanin A. Shown are means and
SEM, n = 3. (C) Double reciprocal plot of the mean data to illustrate
the mixed-type nature of the inhibition. The Km

app values calculated
from the mean data by direct linear plots (Eisenthal and Cornish-
Bowden, 1974) were 0.30, 0.56 and 0.86 mM for 0, 1 and 3 mM
biochanin A respectively. The corresponding Vmax

app values were 0.45,
0.41 and 0.33 nmol·(mg protein)-1·min-1 respectively. At 5 mM bio-
chanin A, the Km

app >>the highest AEA concentration used, and was
thus not considered sufficiently reliable. The Ki

slope and Ki
intercept values

given in the text were in consequence calculated from the Km
app and

Vmax
app values for 0, 1 and 3 mM biochanin A.

Figure 3 Inhibition by biochanin A of the hydrolysis of 16 nM
[3H]oleoylethanolamide by membranes of COS7 cells transfected
with either FAAH or FAAH-2. Values are means and SEM, n = 3,
following an 18 h incubation of the membranes (0.05 and 2 mg per
assay for FAAH and FAAH-2, respectively) with biochanin A and
substrate at room temperature. Enclosed within the columns are the
corresponding values for membranes from mock-transfected cells,
used at the same protein concentrations. *Significantly different from
the corresponding values in the abence of biochanin A, Dunnett’s
post hoc test following significant one-way ANOVA for repeated mea-
sures. #Indicates significance for the net activities (i.e. calculated as
the activity for the enzyme-transfected cells minus the corresponding
activity for the mock-transfected cells).

Inhibition of FAAH by isoflavones
554 L Thors et al

British Journal of Pharmacology (2010) 160 549–560



after inhibition of the enzyme with URB597, whereas the
FAAH-driven uptake into cells is inhibited by these com-
pounds (Thors et al., 2007b). Here, we incubated rat RBL2H3
basophilic leukaemia cells in suspension with [3H]AEA
labelled in the arachidonate part of the molecule, and mea-
sured the retention of tritium label in the membranes follow-
ing incubation. Following FAAH-catalysed hydrolysis in these
cells, the arachidonic acid is recycled to the cell plasma mem-
brane (McFarland et al., 2004). The tritium accumulation for
the cells in the absence (i.e. FAAH intact) and presence of
0.1 mM URB597 (a concentration producing a complete inhi-
bition of FAAH) was 0.50 � 0.03 and 0.14 � 0.02 pmol per
well respectively. The corresponding value for wells alone (no
URB597) was 0.07 � 0.01 pmol per well. A compound with
FAAH inhibitory properties (or a compound preventing the
recycling of the arachidonic acid produced by hydrolysis of
AEA to the membrane) should behave like URB597 in this
assay. This can easily be quantitated by measuring the reten-
tion of tritium by the membranes in the absence or presence
of the test compound, and comparing it with the value seen
with URB597. For example, if the values produced: (i) in the
absence of compound; (ii) in the presence of a given concen-
tration of test compound; and (iii) in the presence of 0.1 mM
URB597 are 0.50, 0.32 and 0.14 pmol per well, respectively,
then it can be seen that reduction of the tritium retention
produced by the test compound, at the concentration used, is
half of that seen with URB597. In other words, inhibition of
the URB597-sensitive tritium labelling is a measure of the
ability of the compounds to inhibit FAAH and/or the recy-
cling of the arachidonate to the membrane in the intact cells
(Thors et al., 2008; Thors and Fowler, 2009). Biochanin A,
daidzein and genistein produced significant inhibition of the
URB597-sensitive tritium retention at high nanomolar–low
micromolar concentrations (Figure 4). The daidzein metabo-
lite equol (structure shown in Figure 4), which was found to

inhibit rat brain FAAH with a pI50 value of 5.26 � 0.02 (EC50

value 5.5 mM) (data not shown), was also effective in the
intact cells (Figure 4).

Interaction of biochanin A, daidzein, formononetin and genistein
with CB receptors
The ability of the four isoflavones to inhibit the binding of
the CB receptor agonist ligand [3H]CP 55940 to brain CB1

receptors and recombinant CB2 receptors is shown in Figure 5.
Although the compounds could produce significant reduc-
tions in the specific binding of [3H]CP 55940 to both recep-
tors, these effects were modest. Thus, the maximum
inhibition found was 27 � 7 and 33 � 5% for brain CB1

receptors and recombinant CB2 receptors, respectively, pro-
duced in both cases with 30 mM biochanin A.

Effects of i.pl. URB597 and biochanin A upon formalin-induced
phosphorylation of ERK in the spinal cord
The i.pl. administration of formalin into the hindpaw of
pentobarbital-anaesthetized mice produced a rapid phospho-
rylation of ERK in L4-S1 lumbar spinal cord ipsi-, but not
contralateral to the injection (Figure 6A–C), consistent with
data in awake animals (Karim et al., 2001). This phosphory-
lation was reduced by the i.pl. administration of 100, but not
30 or 10, mg of the selective FAAH inhibitor URB597. The
effect of 100 mg URB597 was significantly inhibited by con-
comitant administration of the CB1 receptor antagonist/

Figure 4 Inhibition by biochanin A (Bio A), daidzein (Dai), genistein
(Gen) and equol of the URB597 (0.1 mM)-sensitive retention of
tritium in RBL2H3 rat basophilic cell membranes following pre-
incubation and incubation of the intact cells with 0.1 mM [3H]AEA
(labelled in the arachidonate part of the molecule) for 15 and 5 min,
respectively, prior to the filtration and washing phase of the assay (see
Materials and Methods). Shown are means and SEM, n = 3–6. *Indi-
cates where both 95% confidence levels were below 100%. The pI50

values (with IC50 values in brackets) were: biochanin A, 6.65 � 0.07
(0.22 mM); daidzein, 6.43 � 0.10 (0.37 mM); genistein, 5.88 � 0.09
(1.3 mM); and equol, 6.47 � 0.08 (3.4 mM). The structure of equol is
shown on the right to aid the reader.

Figure 5 Effects of biochanin A (Bio A), daidzein (Dai), formonon-
etin (Form) and genistein (Gen) upon the specific binding of 0.7 nM
[3H]CP 55940 to A, mouse brain membranes (CB1 receptors) and B,
membranes from hCB2-CHO cells. Data are expressed as a percent-
age of the specific binding in the presence of vehicle alone (0.01%
DMSO). Shown are means and SEM, n = 4–8. *Indicates that both
95% confidence levels were either above (for 0.1 mM daidzein) or
below 100% (where 100% means no effect of the test compound on
[3H]CP 55940 specific binding).
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inverse agonist AM251 (30 mg). (Figure 6D). Biochanin A was
tested at doses of 30, 100 and 300 mg. The highest dose also
reduced formalin-induced ERK phosphorylation in a manner
antagonized by AM251 (Figure 6E). Thus, biochanin A
behaved like URB597 after local administration to the paw.

Behavioural effects of i.v. biochanin A alone or in combination
with AEA
The compounds were given either together with different
doses of AEA. As expected, AEA produced dose-dependent
effects upon all four components of the tetrad test (locomo-
tion, nociception, body temperature and ring immobility).
Biochanin A (15 mg·kg-1 i.v.) was without effects on its own,
but significantly potentiated the effects of AEA (10 mg·kg-1

i.v.) (Figure 7). The AEA levels in the brains of the biochanin
A-treated animals were not affected (Figure 8). Levels of
other N-acylethanolamines were not measured. Daidzein
(10 mg·kg-1 i.p.) was also tested. In this case, however, there

was a higher level of behavioural response to AEA alone, and
no significant potentiation could be seen, although the com-
bination of AEA + daidzein produced results similar to those
seen with biochanin + AEA (data not shown). The experi-
ments were undertaken on different occasions (chronologi-
cally, daidzein was the first, and the results with this
compound led to the choice of a different route of adminis-
tration for biochanin A).

Discussion

In the present study, the ability of a series of isoflavones
related to genistein and daidzein has been investigated with
respect to their effects upon FAAH. Of the compounds tested,
the isoflavone biochanin A was chosen for further study.
Biochanin A was a mixed-type inhibitor of the rat FAAH, and
showed similar low micromolar potencies towards rat, mouse
and recombinant human FAAH. In intact RBL2H3 cells, 1 mM
biochanin A produced a large (~75%) decrease in the URB597-
sensitive accumulation of tritium label following incubation
of the cells with [3H]AEA (labelled in the arachidonoyl portion
of the molecule), consistent with inhibition of FAAH in these
cells. In contrast, biochanin A had modest effects upon the
binding of [3H]CP 55940 to CB1 and CB2 receptors.

In the formalin model of persistent pain, the behavioural
responses (such as flinching, licking and biting of the paw) to
the i.pl. injection of formalin are relatively rapid and follow
two phases: an initial phase within seconds of the injection
due to direct stimulation of nociceptors followed, after a short
lag, by a second phase, which is the result of a central noci-
ceptive sensitization. The second phase of the formalin test is
sensitive to FAAH inhibitors (Lichtman et al., 2004a; Maione
et al., 2007; Sit et al., 2007) and to genetic ablation of the
enzyme (Lichtman et al., 2004b). There is good evidence that
the expression of pERK in L4-S1 lumbar spinal cord is a useful
marker of the activation of central nociceptive sensitization,
such as is seen after the administration of formalin to the
hindpaw (review, see Gao and Ji, 2009). Thus, pERK expres-
sion is induced by noxious, but not by innocuous, stimuli to
the hindpaws of anaesthetized rats (Ji et al., 1999), and in
formalin-treated mice and rats, the expression pattern follows
the same time-course as the second phase of nocifensive
behaviour (Ji et al., 1999; Karim et al., 2001). Importantly, the
second phase of nocifensive behaviour in both species is
blocked by PD98059, a MEK kinase inhibitor that prevents the
phosphorylation of ERK (Ji et al., 1999; Karim et al., 2001). In
spinal cord slices, the CB1 receptor agonist arachidonoyl-2′-
chlorethylamide reduces the pERK expression produced by
capsaicin (Kawasaki et al., 2006). The latter finding would
suggest that this pathway may be responsive to an indirect
activation of CB1 receptors secondary to FAAH inhibition. We
found that the formalin-induced phosphorylation of spinal
ERK ipsi-, but not contralaterally to the injection, was indeed
inhibited by URB597 in the mouse strain used (C57BL/6, the
strain used by Karim et al., 2001). The effective dose of
URB597 is in the same range as found previously to produce
effects in other pain models, albeit in the rat rather than the
mouse (Jhaveri et al., 2006; Desroches et al., 2008; Sagar et al.,
2008). AM251 given concomitantly produced a large reduc-

Figure 6 The i.pl. administration of formalin to pentobarbital-
anaesthetized mice produces phosphorylation of ERK ipsi-, but not
contralaterally, and in a manner reduced by the FAAH inhibitor
URB597 and by biochanin A. (A) Top: magnification 10¥, the pERK is
indicated with the arrow; bottom: a higher magnification (40¥). No
immunoreactivity was seen for samples incubated with the second-
ary, but not the primary, antibody. (B) Time-course of the pERK
response to formalin. Means and SEM, n = 3. *P < 0.05, #P = 0.06,
two-tailed paired t-test versus the corresponding contralateral value.
(C,D) Number of pERK-positive neurons produced by the formalin in
the mice after i.pl. administration of URB597 (‘URB’, C) or Biochanin
A (‘BioA’, D) per se or together with the CB1 receptor antagonist/
inverse agonist AM251 (30 mg/paw). Doses are given as mg/paw, and
the data are means and SEM, n = 5 (C) or n = 6 (D). Significance levels
(*P < 0.01; #P < 0.05) are versus vehicle or for the comparison
indicated and were determined by post hoc tests (Dunnetts and
Neumann–Keul’s multiple comparison, respectively) following signifi-
cant one-way ANOVA (P = 0.0006 and P = 0.0071 for the ipsilateral
paws for C and D respectively). The ANOVA values for the contralateral
paws did not reach significance (P � 0.24).
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tion of the effect of URB597, indicating that the response to
URB597 is mediated at least in part by CB1 receptors. Biocha-
nin A produced the same pattern of AM251-sensitive inhibi-
tion of spinal ERK phosphorylation as seen with URB597,
consistent with a local FAAH inhibition in vivo. The small
difference in the relative potencies of biochanin A and
URB597 (as compared with the large difference in vitro, where
URB597 inhibits FAAH in the low nanomolar range; Kathuria
et al., 2003) may reflect the reduced local pH of the inflamed
tissue (Häbler, 1929), because URB597 inhibits FAAH in intact
cells in a pH-sensitive manner (Paylor et al., 2006).

While the present data show that in anaesthetized C57BL/6
mice, biochanin A and URB597 produced the same effects
upon spinal cord ERK phosphorylation in response to forma-

lin, and that both are antagonized by the CB1 receptor inverse
agonist AM251, the data do not rule out the involvement of
other pathways. Although a detailed treatment is outside the
scope of the present investigation, several potential pathways
can be considered, given both the ability of AEA to interact
with other receptors (such as CB2, PPARg and TRPV1), and that
the inhibition of FAAH will produce changes in the levels of
other endogenous substrates such as palmitoylethanolamide,
which have their own cellular targets, such as PPARa (for
reviews, see Ross, 2003; O’Sullivan, 2007). Preliminary data
with the PPARg antagonist GW9662 suggest that this PPAR
isoform does not contribute to any obvious extent in the
effects of biochanin A in the pERK model (L. Thors, unpubl.
data), but further studies are needed to determine the extent
to which these other pathways can contribute to the effects of
biochanin A on ERK phosphorylation in response to formalin.

When given i.v. to ICR mice at a dose of 15 mg·kg-1, bio-
chanin A was without effect on brain levels of AEA, but
produced a potentiation of the behavioural effects of AEA in
the tetrad test. Given that i.v. administered AEA will be
subject to both peripheral and central metabolism by FAAH,
the data are consistent with the hypothesis that the behav-
ioural effects in the ICR mice are due to a reduced peripheral
FAAH activity. Certainly, the centrally permeable (albeit non-
selective) FAAH inhibitor phenylmethylsulphonyl fluoride
produces a very robust potentiation of AEA in the tetrad test
in ICR mice (Compton and Martin, 1997), compared to the
more modest effects of biochanin A seen here. With respect to
pharmacokinetic studies of isoflavones, biochanin A is con-
verted to genistein followed by conjugation in vivo (Setchell
et al., 2001; Moon et al., 2006), and although genistein can be
detected in the rat brain after administration of 30 mg·kg-1 i.v.

Figure 7 (A) Locomotor activity, (B) antinociception, (C) body temperature and (D) ring immobility of ICR mice following i.v. treatment with
either vehicle or biochanin A (15 mg kg-1) (shown in the figure as ‘1st injection’) followed by i.v. administration of either vehicle or AEA
(10 mg kg-1) (shown in the figure as ‘2nd injection’). Shown are means and SEM, n = 6. *Indicates significant difference from respective vehicle
injection (P < 0.05). # indicates significant effect of biochanin A alone (V/V vs. B/V) or in combination with AEA (V/AEA vs. B/AEA) [P < 0.05].

Figure 8 AEA levels in the brains of mice following either vehicle,
biochanin A (15 mg·kg-1 i.v.) or daidzein (10 mg·kg-1 i.p.) treatment.
The animals were first investigated behaviourally following a second
vehicle injection (see Figure 7 for details) and killed 60 min after the
isoflavone administration. Shown are means � SEM, n = 6 each for
daidzein and biochanin A and 12 for vehicle. There were no signifi-
cant differences between the groups (P > 0.05, one-way ANOVA).
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(but not after 10 mg·kg-1 i.v.), the brain-to-blood-distribution
ratio is very low (0.04 � 0.01) (Tsai, 2005). Yueh and Chu
(1977) reported that 15 min after i.v. administration of
40 mg·kg-1 of daidzein to rats, plasma concentrations were
~30 mg·mL-1 (corresponding to ~120 mM). The liver, lung and
kidney concentrations of daidzein were ~0.1 mmol·(mg wet
weight)-1, while the brain concentration was about fivefold
lower (Yueh and Chu, 1977).

Given that biochanin A is a naturally occurring compound,
an obvious issue is dietary isoflavone consumption. Although
the study was not primarily aimed at considering the effects
of normal consumption of isoflavones upon FAAH activity,
discussion of this is unavoidable given the suggested (and
questioned) health benefits of dietary isoflavones in athero-
sclerosis, and breast and prostate cancer (Sirtori et al., 2005;
Messina and Wood, 2008). In the case of genistein and daid-
zein, inhibition of FAAH was deemed possible, at least in
individuals with a high soy intake (Morton et al., 2002), on
the basis of the potencies towards the rodent enzyme (Thors
et al., 2007a,b). Daidzein is less potent towards the recombi-
nant human FAAH (Table 1), but the suggestion still holds for
genistein. Biochanin A and formononetin are not present in
soy products, but are found in red clover extracts, which are
available in health food stores for their purported effects in
menopause (review see Booth et al., 2006). In a study where
volunteers were given 80 mg of red clover isoflavone extracts
(a double-strength tablet) per day for 2 weeks, maximum
plasma concentrations of biochanin A and formononetin
were 48 (range 18–80) and 11 (range <5–35) ng·mL-1, respec-
tively, corresponding to ~170 and ~40 nM, respectively
(Howes et al., 2002). The peak plasma genistein and daidzein
concentrations were 114 and 63 ng·mL-1, respectively, corre-
sponding to ~420 and ~250 nM, respectively (Howes et al.,
2002). Thus, in contrast to the situation for individuals with
a high soy intake, it is rather unlikely that sufficiently high
isoflavone concentrations are achieved for inhibition of FAAH
to occur after ingestion of red clover extracts.

In conclusion, the present study has demonstrated that
biochanin A, a naturally occuring compound with limited
central penetration, inhibits FAAH in a mixed-type manner,
does not affect FAAH-2 activity and has only modest effects
upon CB receptors. In vivo, the compound can inhibit a bio-
chemical correlate of peripheral pain sensitization, spinal
cord ERK phosphorylation following i.pl. formalin treatment
to anaesthetized mice. FAAH inhibitors are currently under
drug development as potential analgesic (and antidepressant)
agents, and the leading compounds are in early clinical devel-
opment (review, see Seierstad and Breitenbucher, 2008).
Although these compounds do not produce ‘cannabinoid-
like’ behaviours in vivo, other behavioural effects of central
FAAH inhibition may be overlooked, and there is evidence
that polymorphisms of FAAH are associated with certain
traits, such as drug-seeking behaviour (Flanagan et al., 2006).
In this respect, both genetic ablation of FAAH and the admin-
istration of URB597 affect ethanol preference and consump-
tion (Basavarajappa et al., 2006; Blednov et al., 2007). FAAH-/-

mice also show an increased susceptibililty to chemically
induced seizures compared to wild-type animals (Clement
et al., 2003). Given that i.pl. administration of AEA and
URB597 produced effects in several pain models (Calignano

et al., 2001; Sokal et al., 2003; Guindon et al., 2006; Jhaveri
et al., 2006; Desroches et al., 2008; Khasabova et al., 2008;
Sagar et al., 2008), a case can be made for the identification of
peripherally restricted FAAH inhibitors as novel analgesic
agents. The data presented here, together with previously
published pharmacokinetic studies, suggest that biochanin A
acts primarily as a peripheral inhibitor of FAAH. This raises
the possibility that the compound may be useful as a template
for the design of more potent, peripherally restricted com-
pounds. Of course, the isoflavones are a class of compounds
with a variety of biochemical and pharmacological effects.
Such properties include actions upon oestrogen receptors,
tyrosine kinase, peroxisome proliferator-activated receptor
isoforms, DNA topoisomerase II, NFkB activation and trans-
forming growth factor b1 signalling, among others (reviews,
see Kurzer and Xu, 1997; Kim et al., 1998; Banerjee et al.,
2008; see also Lam et al., 2004; Shen et al., 2006), and thus the
isoflavones are certainly a long way from being FAAH-
selective compounds. However, a screening programme could
incorporate screens to reduce unwanted actions (such as
effects upon oestrogen receptors) to tailor more selective
FAAH inhibitors, or to design compounds with actions upon
this enzyme and other potentially useful targets, such as,
for example, cyclooxygenase-2 (see Fowler et al., 2009, for
discussion).
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